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Abstract. In the abundance spectrum of r-process nuclei the most prominent 
features are the peaks that form when the r-process flow passes through the closed 
neutron shells. However, there are also other features in the abundance spectrum that 
can not be explained by shell effects, like the peak in the region of the rare-earth nuclei 
around mass A = 160. It has been argued that this peak is related to the deformation 
maximum of the neutron-rich isotopes. Recently, both experimental and theoretical 
work has been carried out to study the deformation of neutron-rich rare-earth nuclei 
and to search for the point of maximum deformation. This work has focused on the 
nuclei around ^^"Dy in order to understand the evolution of collectivity in the neutron 
shell with 82 < iV < 126. These investigations will be discussed in terms of the Harris 
parameters of the Variable Moment of Inertia model. Finally, we will discuss the 
future possibilities to reach further into the neutron-rich rare-earth region at the new 
experimental facilities using radioactive beams. 



PACS numbers: 21.10.Dr, 21.10.Re, 23.20.Lv, 26.30.Hj, 27.70.-hq 
1. Introduction 

The two predominant astrophysical mechanisms for production of heavy elements in 
the universe are the slow neutron-capture process (s-process) and the rapid neutron- 
capture process (r-process) pQ. The r-process occurs in high neutron-density areas in 
the universe, where the average time for neutron capture is smaller than the half life 
of the radioactive isotope, and an equilibrium between neutron capture, (n,7), and 
photo disintegration, (7,n), has established itself. After this so called steady phase of 
the r-process, the free neutrons disappear and the nuclei /3 decay back to stability, a 
process called freeze out. The most dominant features of the abundance distribution of 
elements created during the steady phase and freeze out are the large peaks at A ^ 80, 
A ^ 130 and A ^ 195 that are due to the r-process flow through closed shells. The 
second most pronounced feature is the peak ai A ^ 160 in the rare-earth region. While 
the closed shell peaks are well understood to be formed during the steady phase [1], it 
has been argued that the A ^ 160 peak is due to the deformation in the nuclei created 
after the steady phase, just before freeze out [2]. An explanation that has been proposed 
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Figure 1. Experimentally measured /32 values (left) and Jq Harris parameters (right) 
for a selection of even-even nuclei [7] . 

is that as the deformation maximum is reached the nucleus cannot deform more so the 
next heavier nucleus will be less stable, an effect that can mimic closed shells. 

2. Deformation systematics 

One of the standard references for nuclear masses, and deformations, is the calculations 
made by Moller and Nix using the finite range liquid drop model |3j . This reference has, 
for example, been used in the calculations in [2[ H], reproducing the A = 160 r-process 
peak position but slightly underestimating the low-A side and slightly overestimating 
the high-A side. In [3] , the deformations behave smoothly with a maximum in the region 
around ~ 102-104. In figure [l| the evaluated experimental deformations from [5] are 
shown, but the calculations from [3] do not appear to follow the same pattern as the 
experimental data. Besides the larger absolute variation in deformations for different Z 
values, the deformation maximum for each Z does not appear to be as stable around 
^ 104 as in the Moller and Nix calculations. Rather, the deformations seem to peak 
at lower values of for lower values of Z, further discussed in [6]. 

As the experimental data on nuclear deformation is quite sparse in this neutron-rich 
region, other ways of understanding the evolution of nuclear deformations have to be 
investigated. For example, one can use the excitation energy spectrum together with the 
VMI model, which is based on the Harris parameters [Jo, Ji]. The parameter Jq can be 
related to the deformation of the nucleus and Ji can be related to the amount of freezing 
of the internal structure, that is the rigidity. In this way it is possible to obtain a much 
richer set of data than when using only experimental deformations directly. Recently, 
an experiment to study the yrast band in the mid-shell nuclei i68,i70£)y _ ]^g2^ 104) 
was carried out at the PRISMA and CLARA set-up at LNL, the results of which are 
shown in figure |2} The VMI fits have been made according to the procedure in [6], with 
the inclusion of the data on ^^^Dy [8] and ^™Dy [8|, [9]. The experimental data from 
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Figure 2. Ground state rotational bands for dysprosium isotopes with = 94 — 104 
from [5j and for 6+-10+ in ^^^Dy and the 4+ 2+ transition in ""Dy [8]. The 
2+ — )■ 0"*" transition in -'^™Dy is from the calculations in |;9j. 



[S] is shown together with the Harris parameters Jq in figure [T] These new data points 
show an increase in Jo, suggesting that the = 104 deformation maximum could be 
reasonably stable at least from Dy to Hf, 66 < Z < 72. However, further investigations 
at lower Z and higher N, as well as direct measurements of the deformation parameters, 
are important for a full understanding of the evolution of nuclear deformations. 



3. Outlook 



Taking advantage of new detector technology, like AGATA ^lOj , and the possibility to use 
a heavier beam, like ^^^Xe, both the detection power and production cross-section of the 
experiment described in ^ could be improved considerably. Thus, it would be possible 
to extend the systematic studies of collectivity further into the neutron-rich region using 
multi-nucleon transfer reactions. The production cross-section of dysprosium isotopes 
for three different types of ion beams calculated using the grazing code [TT], [T2] are 
shown in figure [3j 

A valuable complement to the multi-nucleon transfer reaction measurements are the 
fragmentation reactions. Using these it is possible to establish B{E2) values to determine 
the electric quadrupole moments and the degree of triaxial deformation, and thus the 
evolution of quadrupole collectivity, for a range of neutron-rich rare-earth nuclei pS]. By 
relativistic Coulomb excitation it would be possible to determine the B(E2 : 0"*" — )■ 2^) 
and B{E2 : 0^ — )■ 22^) for a large range of neutron- rich even-even nuclei in the rare-earth 
region [H], see for example the Dy isotopes in figure |3} In this figure the production 
cross-sections, calculated by the LISE++ code |15], [16], for a couple of primary beams 
from the fragment separator (FRS) at GSI with energies of 800 MeV per nucleon and 
projectile fragmentation on a 4 g/cm^ beryllium target are shown. A problem with this 
kind of measurement, however, is the large background from bremsstrahlung radiation 
for 7-ray energies < 300 keV, why detailed simulations are required. 
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Figure 3. Grazing calculations of production cross-sections for dysprosium isotopes 
(left) using an ^^"Er target and a '^^Ca beam with an energy of 230 MeV (dotted), a 
^■^Se beam with an energy of 460 MeV (dashed) [5] and a ^^^Xe beam with an energy 
of 1000 MeV (solid). Calculated production cross-sections of the Dy isotopic chain in 
the FRS (right) for the primary beams "^Yb (sohd), ^^^^W (dashed), ^^^Au (dotted) 
and ^'^^Vl (dash-dotted). See [7] for details. 
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